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This report, submitted wder NASA Contract NAS 8-1.1798, covers Task 2.3, 
Thermal Treatment, of the Beryllium Fabrication Methods Development 

Program Plan. 

of Large Space Vehicles Programs, Space Systems Division, Lockheed 

Missiles and Space Company. 

documentation of needed new manufacturing techniques and fabricat ion 

methods suitable f o r  the  application of beryllium and beryllium al loys 

i n  space f l i g h t  vehicle structures.  

The work described herein was  performed under the direct ion 

The program encompasses the development and 

The work being accomplished i n  accordance with the  requirements outlined 

i n  the Forming (Task 2.11, Metal Removal (Task 2.21, Surface Treatment 

(Task 2,4), and Joining (Task 2.5) sections of the Program Plan w i l l  be 

reported as each task  i s  completed. 
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ABSTRACT 
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This report documents the thermal treatment techniques investigated 
and evaluated for possible application in the fabrication of beryllium 
aerospace vehicle structures. 
the removal of residual stresses, induced by prior work, are evaluated. 
The physical, mechanical, and dimensional changes resulting from vary- 
ing rates of rapid cooling are reported; and the effects of prolonged 
exposure at high temperatures on the mechanical properties of 
beryllium sheet are investigated. 

The effects of time and temperature on 
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SECTION 1 

INTRODUCTION 

m e  objectives of this task are the investigation, evaluation, and correla- 
tion of the effects of several types of thermal treatment on the physical, 
mechanical, and dimensional characteristics of beryllium sheet material, 
as outlined in the "Thermal Treatment" section of the Beryllium Fabrica- 
tion Methods Development Program Plan. 

The effects of time and temperature on the characteristics of the 
material were investigated and evaluated. Considerable new work was 
conducted, on a laboratory scale, to obtain finite data to augment the 
limited available information. 
divided into three well-defined areas, which are reported separately 
as folpows: 

The accomplishment of this task was 

Stress Relief - determine the time/temperature parameters 
for the removal of residual stresses induced 
by prior work. 

Cooling Rate - determine the effect of various quenching 
rateslmethods on the dimensional conf igura- 
tion and mechanical properties. 

Annealing - determine the effect of prolonged exposure at 
elevated temperature in normal atmosphere on 
the mechanical properties. 

7 
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SECTION 2 

STRESS RJ3LIEF 

Beryllium sheet material which has been formed at elevated temperature, 
but below the recrystallization temperature, will contain residual stresses 
after it has cooled to room temperature. 
in order to realize the optimum mechanical properties of the material, is 
highly desirable. 

The elimination of these stresses, 

2.1 INTFODUCTION 

The object of this phase of the program was the determination of the 
time/temperature parameters required for the relief of the residual 
stresses induced in beryllium sheet material during hot forming 
operations. 

Two widely used, but entirely different experimental methods were 
considered for the detection of the presence of residual stresses; 
i.e., X-ray diffraction, and electrical resistivity. Residual 
stresses are detected in the X-ray diffraction technique by changes 
in the lattice parameter, or by changes in the width of the diffraction 
peak for a particular set of lattice planes. 
inary experiments revealed that the X-ray diffracaion method lacked 
sufficient sensitivity to detect the small changes in the lattice 
parameter or line width resulting from the stress relieving of the 
s'deformed'' specimens. The primary difficulty is that the major 
changes in the lattice structure occur near the surface of the 
material; a d ,  because beryllium is very transparent to X-rays, the 
entire thickness of the specimens is penetrated by the X-ray beams. 
The separation of the surface effects from the overall or bulk 
effects is, therefore, extremely difficult. 

The results of prelim- 

-2- 
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2.1 INTRODUCTION (Cont . ) 
The electrical resistivity effect, however, is based upon the change 
in electrical resistivity which occurs in the "deformed" area as 
the material is shaped. 
to the flow of an electrical current than an undisturbed area, or 
material which has been stress relieved. Thus, if the electrical 
resistance of the same specimens is measured "after forming" and 
again after "stress relieving," the decrease in electrical 
resistance is indicative of the decrease in residual stress. The 
results of preliminary experiments verified that changes in 
electrical resistance could be detected and measured even though 
the principal stress effects occur at the surface, and the resistance 
is measured for the entire specimen. Since the changes in resistance 
eou1d be correlated with the changes in stress, the "electrical 
resistivity" technique was employed for this investigation. 

A n  "as formed" area has a higher resistance 
. 

Table 1 presents the certified chemical analyses and mechanical 
properties of the two Lots of material procured for this investigation 
from the Brush Beryllium Company in accordance with the requirements 
of Eockheed Specification LAC 07-4008. 

2.2 EXPERIMENTAL PROCEDURE 

The .5O" x 3.00'' specimens were cut, using the abrasive wheel technique, 
from the material and formed into Type "A" and Type "B" specimens at 
nominal forming temperatures of 1350°F and 1100°F respectively. The 
Type "A" and "B" specimens are illustrated in Figure 1. 

The specimen blanks were cut from the sheet material in the transverse 
direction, as determined from the dimensions of the original sheet, 
BO that the bends were in the longitudinal direction of the material. 

-1 
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TABU I 
CHEMCAL ANALYSES AND MECHANICAL PROPERTIES - STRESS REXIEF SPECIMENS 

VENDOR DATA 

Material Identification 

Lot No. 115 3 
Sheet No, 468~ 
Gauge .060 

Be Assay 
Be 0 
Fe 
si 

A1 

M g  
m 
NP 
Cr 
e 

Chemical Analyses - $ 

98.29 
1.78 

e 124 

040 

055 
008 

P 012 
., 023 
e 012 

e 111 

Mechanical Properties 

9967 
4473 
060 

98.29 
1.66 
.138 
.050 

e 095 
(I 011 
0 010 
,021 
.012 
120 

Sheet Test Ftu FtY Elong , 
Psi 4 in 1" 

468~ T 76 , 400 57,400 11.0 

_I 

Psi - No. Direction 

468~ E 75,200 58,300 10.5 

44m E 789 300 57,400 11.5 
447B T 86,200 58,100 14.0 
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2.2 EXPERIMENTAL, PROCEDURE (Cont, ) 

The layout of the  specimens on the sheet material is  i l l u s t r a t e d  
i n  Figure 2. 

The individual specimens were formed on a universal  type punch and 
d ie  set consisting of heated "glass rock" d ie  segments and a 

conduction heated steel  punch mounted between the  upper segments. 

The specimen blanks were placed i n  posit ion on the die, heated by 
conduction from the  hot die, and formed as soon as the desired 
material temperature had been attained. 

operation, t he  temperature was monitored by means of Type "K" 

chromel-alumel thermocouples attached t o  control  specimens and 

recorded on a "Wilco" 12-channe1, O-225O"F range, s t r i p  recorder. 

The universal  forming d ie  is  i l l u s t r a t e d  i n  Figure 3. 

During the forming 

Following the  completicn of the forming operations, the  e l e c t r i c a l  

res is tance of each specimen was measured and recorded. Since good 

e l e c t r i c a l  connections are mandatory f o r  t h i s  type of measurement, 

the  contact areas of t he  specimens were cleaned by etching i n  a 

solut ion consisting of 40 percent n i t r i c  acid (HNO ), 3 percent 

hydrofluoric ac id  (HF),  and 57 percent water. 

were not etched as  t h i s  would have resulted i n  the  removal of t h a t  

portion of the material containing the  highest l e v e l  of res idual  

stress. 

3 
The "formed" areas 

Figures 4 and 5 i l l u s t r a t e  the two types of specimens mounted i n  

the  knife-edge tes t  f ix tu re s  spec i f ica l ly  designed, and fabricated,  

t o  insure t h a t  t he  voltage drop was measured over a constant length 

f o r  each specimen, 
i l l u s t r a t e d  i n  Figure 6, were used t o  determine the  resis tance of 

each specimen. 

A Kelvin bridge and associated equipment, 

-5 -  
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SECTION "A" 

Figure 2. Stress Relief Specimen Orientation 
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Figure 3. Universal Forming Die 
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Figure 4, Type A Specimen Mounted i n  Knife-edge 
T e s t  Fixture 

I 

Figure 5. Ty-pe B Specimen Mounted i n  Knife-edge 
T e s t  Fixture 
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2.2 EXPERIMENTAL PROCEDURE (Cont.) 

The specimens then were stress relieved i n  laboratory type Marshall 

o r  Hoskins tube furnaces. Groups of three each of both the  "A" and 

the  "B" types of specimens were s t r e s s  relieved a t  102'jaF f o r  periods 

of 1, 2, 4 and 8 hours, and at 1350°F f o r  periods of 1/2, 1, 2 and 4 
hours. Following the  re-etching of the e l e c t r i c a l  contact areas, the  

e l e c t r i c a l  res is tance of each specimen again was measured and re-  

corded, and the percentage change i n  resistance was calculated. The 

data f o r  each group of three specimens then was averaged and plot ted 

as a function of time at the  respective temperatures. 

During the  evaluation of the  "A" and "B" specimens, two addi t ional  

groups of specimens were prepared and tes ted  i n  order t o  obtain 

addi t ional  information and data. The first group, consisting of 

four .5O" x 4.00" specimens, was not formed i n  any manner. 

specimens were cut from "as  received" material  and the e l e c t r i c a l  

res is tance of each specimen was measured and recorded. 

specfmens then were s t r e s s  relieved at  lO25OF, the other two at 
1350"F, f o r  cumulative periods of 1/2, 1, 2, 4 and 8 hours, respectively. 

Following each incremental period, the specimens were etched and the 

e l e c t r i c a l  res is tance of each specimen was measured (four measurements - 
each specimen) and recorded. 

then was averaged and plot ted as a function of time a t  the  respective 

temperatures. 

The 

Two of the 

The data f o r  each group of two specimens 

The second group, consisting of f i v e  .5O" x 18.00" specimens, w a s  

heated at  1350°F f o r  approximately 15  minutes, formed t o  a 30" radius 

i n  et standard DISC beryllium forming die, and immediately removed from 
the  d ie  and allowed Lo air cool. 

relieved as  follows: 

The specimens then were stress 

1. No addi t ional  heat treatment 

2. 

3. 
4, 
5. 

Stress  relieved a t  1025°F f o r  2 hours 

S t ress  relieved at 1025°F f o r  4 hours 

S t ress  relieved a t  1350°F f o r  2 hours 

S t ress  relieved a t  1350°F f o r  4 hours 

-11- 
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2.2 PROCEIXTRF: (cont.) 

The maximum height of each specimen, above a fixed reference plane, 
then was determjned by means of an optical comparator. This 
measurement is illustrated in Figure 7. If the specimens contained 
residual stresses after these treatments, their presence could be 
determined by etching layers of material from one surface of the 
specimen and measuring the change, if any, in the curvature. The 
concave Burface of each specimen then was masked and layers of 
material .001", .002" and ,004" thick were cumulatively etched 
from the convex surface. 
helght 0f each epecimen again was measured and recorded. 

After each layer was removed, the 

Layers etched from 
this surface 

-Reference line 

Figure 7. 30'' Radius Stress Relief Specimens 

APT measurements of "h" were corrected for the thickness of material 
removed during the etching operation, e.g., if ,001'' TS removed 
and the change in "h" was -.009" , the corrected change, -. 008", was 
entered in Table I'V. 

-2.2- 



2.3 RESULTS AND DISCUSSION 

Tables If and I11 present the  tabulated e l e c t r i c a l  resistance 

data f o r  the Type "A" and "B" specimens, respectively; Figures 8 
through 11 present the  plot ted data, 

l a t ed  data revealed t h a t  the changes i n  e l e c t r i c a l  res is tance 

were qui te  s m a l l ,  ranging from 1 x t o  68 x ohms. The 

standard deviation, determined by making 10 measurements of a 

s ingle  specimen, was found t o  be rt 16 x EO 
of t h i s  standard deviation t o  each value of percentage change i n  
res is tance indicates  t h a t  each value m a y  vary as much as * l.l$. 

This span i s  i l l u s t r a t e d  i n  the figures.  

An examination of the tabu- 

-6 ohms. The application 

A s  c l ea r ly  shown i n  Figure 8, the Type "A" specimens exhibited a 

rapid decrease i n  e l e c t r i c a l  resistance,  a f t e r  being stress relieved 

at IO25"F f o r  one hour, followed by a more gradual decrease there- 

after. 
continued t o  decrease, possibly indicating the  presence of 

remainfng residual  stress. 

i n  res is tance could be correlated d i r ec t ly  with decreases i n  

res idual  stress, it was anticipated t h a t  stress rel ieving a t  1350'F 

would result i n  a more rapid decrease i n  e l e c t r i c a l  res is tance 

than occurred during the  stress rel ieving operations a t  lO25'F. 

However, as i l l u s t r a t e d  i n  Figure 9, a s l i g h t  increase occurred 

a f t e r  1 to 2 hours, followed by a gradual decrease a f t e r  4 hours. 

Even a f t e r  8 hours a t  t h i s  temperature, the resis tance 

Based on the assumption t h a t  decreases 

The Type "Be' specimens, s t r e s s  relieved at  PO25'F, a lso exhibited 

a rapid decrease i n  e l e c t r i c a l  res is tance after two hours, followed 

by a more gradual decrease up t o  4 hours, and a subsequent 

"leveling out" thereaf te r  as i l l u s t r a t e d  i n  Figure PO. 

"leveling out" was  believed t o  be an indication t h a t  the  residual  

stresses had been removed after 4 hours at  t h i s  temperature. 

This 

-13- 



Specimex 
Number 

5 
6 
*8 

1 

3 
4 

3-3 
14 
15 

31 
32 
62 

16 
17 
18 

24 
25 
27 

20 
22 

23 

28 
29 
30 

TMSC/A758461 
TABU3 I1 

EUCTRICAL RESISTANCE - TYPE "A" SPECIMENS 

Annealing 
Temperature 

OF 

1025 
1025 
1025 

1025 
PO25 
1025 

1025 
1025 
1025 

1025 
1025 
1025 

1350 
1350 
1350 

1350 
3-350 
1350 

3-350 
1350 
1350 

1350 
1350 
1350 

Annealin@ 
Time 
Hours 

1 
1 
1 

2 
2 
2 

4 
4 
4 

8 
8 
8 

112 
1/2 
1/2 

P 
P 
P 

2 
2 
2 

4 
4 
4 

As Forme#- 
lhmS(xl0- ) 

15 . 14 
15.02 
14.80 

15- 95 
15-15 
14.97 

14.68 
14.68 
14.69 

14.64 
14.51 
15.80 

15.25 
15.49 
150 30 

15 e 08 
15.14 
14.56 

15 e 12 
14.84 
'14.99 

14.80 
14.41 
14.63 

NOTE: All specimens cut from sheet No. 468~. 

-14- 

iiesistance 
As AnnealEd 
ohms (Xlo- ) 

14.69 
14.64 
14.45 

15 73- 
14.94 
14.62 

14.63 
14.28 
14.37 

13.96 
14.19 
15.10 

15.34 
15- 50 
15.57 

15 a 12 
14.90 
14.55 

15.12 
15 e 02 
15 e 06 

14.79 
14.40 
14.42 

Change 
% 

-3.0 
-2.5 
-2.4 
mg. -2.6 
-1.5 
-1.4 
-2.3 
Avg. -1.7 
-2.2 
-2.7 
-2.2 

i 

I 
Avg. -2.4 
-4.6 
-2.2 

, 
I 

I 

-4.4 
Avg. -3.7 
+o. 6 
+o. 1 
+1.8 
Avg. +0.8 
+O. 3 
-1.6 
-0.1 
Avg. -0.5 
0.0 
+1.2 
+o. 5 
Avg. +0.6 
-0.1 
+0.1 
-1.4 
Avg. -0.5 



Specimt 
Numbei 

36 
37 
38 

39 
40 
41 

*42 

*43 
60 

44 
45 
46 

47 
48 

49 

65 
50 

5 1  

52 

53 
54 

55 
57 
58 

'Om: *F 

UfSC/A758461 

TABLE I11 
EJXCTRXCAL FU3SISTANCE - "E "B" SPECIMENS 

Annealin4 
Temperatw 

OF 

1025 

1025 

1025 

1025 

1025 

1025 

1025 

1025 

1025 

a025 

1025 

1025 

1350 
1350 
1350 

1350 
1350 
1350 

1350 
1350 
3-350 

1350 
1350 
1350 

n Sheet No. 

Annealii 
Time 
Hours 

1 

1 

1 

2 

2 

2 

4 
4 
4 

8 
8 
a 

112 

112 

112 

1 

1 

1 

2 

2 

2 

4 
4 
4 

Resistance 1 
As Formed 
hms (Xlo- 

12.24 
11.85 
12.00 

11.95 
12.08 
12.47 

12.55 
11.80 

11.99 

11.75 
12.04 
11.96 

12.13 

12.05 

11.86 

12.36 
11.96 
11.95 

12.05 

12.03 

11.96 

11.91 
11.96 
11.87 

--.- -- 
iers from 

-15- 

As Annealgl 
ohms ( d o -  

12.05 

11.93 
11.93 

11.73 
11.74 
12 e 17 

12.20 

11.50 

11.60 

11.43 
11.87 
11.65 

12.26 

u. 89 

12*37 
11.83 
12.03 

12.24 

12.12 

12.19 
12.11 

12.04 

11.99 
11.89 

I-_ 

:et No. '468; 

I 

I 

1 
I 

1 

i 
Avg. -0.5 I 

f 

-1.6 
+o. 7 
-0.6 

-1.8 
-2.8 i 

1 
-2.4 
Avg. -2.3 

-2.8 
-2.5 

-3.3 
Avg. -2.9 
-2.7 
-1.4 
-2.6 
AVg. -2.2 ' 

+l .  1 

+1.6 
+O. 3 
Avg. +1.0 I 

I 

+o. 1 i 
-1.1 I 

10.7 I 

Avg. -0.1 

+0.6 I 
+1.3 
+l. 3 
Avg. +1.1 1 I 

+l. 1 I 

+o. 2 I 

i Avg. -1-0.5 

I 

+O. 3 
I 

- - 4  
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Figure 8. Resistance Change - Type "A" Specimens 
Stress Relieved at 102'j°F 
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Figure 9. Resistance Change - Type "A" Specimens 
Stress Relieved at 1350°F 
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Figure l o o  Resistance Change - Type "B" Specimens 
Stress Relieved at lO25'F 
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2.3 RESULTS AND DISCUSSION (Cont. ) 

.- ""I 
- *  -1 

As i l l u s t r a t e d  i n  Figure 11, the Type "B" specimens stress relieved 

at 1350°F also exhibited an i n i t i a l  increase i n  resistance,  followed by 
a gradual decrease, very similw t o  t h a t  exhibited by t h e  TJrpe '?A'' 

specimens. 

The interpretat ion of the r e l a t ive  behavior of the  specimens stress 
relieved a t  1025°F and 1350'F is  diff icul t , ,  

e l e c t r i c a l  res is tance can be a t t r ibu ted  so le ly  t o  the relief of 
residual  s t resses ,  then the specimens stress relieved at  1350'F 

should have exhibited greater  decreases i n  res is tance than those 

stress relieved a t  1025°F. For a given period of time, treatment 

at a higher temperature normally w i l l  r e su l t  i n  a correspondingly 

greater  decrease i n  res idual  s t ress .  

was not observed indicated the  occurrence of some other phenomenono 

The exact nature of t h i s  phenomenon i s  unknown, although it is  
believed t o  be re la ted  t o  the impurities present i n  the  beryllium, 

primarily iron, t h a t  e i the r  a r e  being taken in to  solution o r  are 
being precipi ta ted as compounds. 

If the  changes i n  

The f a c t  t h a t  t h i s  re la t ionship 

The investigation of the e f f ec t s  of s t r e s s  re l ieving the .50" x 4,OO" 

unformed specimens then w a s  i n i t i a t e d  i n  order t o  obtain additional 

data. Table IV presents the tabulated e l e c t r i c a l  r e s i s t i v i t y  data; 

Figure 12 presents the plot ted data. 

terms of change i n  r e s i s t i v i ty ,  rather than change i n  resistance,  

as the  game specimens were used throughout the  investigation. 

etching of the specimens, subsequent t o  each stress rel ieving period, 

resulted i n  dimensional changes of such magnitude t h a t  the  calculation 

of the  actual r e s i s t i v i t y  was required i n  each case. 

wm calculated as follows: 

This data is  presented i n  

The 

I 

The r e s i s t i v i t y  

7 

-f " \  
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2.3 RESULTS AND DISCUSSION (Cont. ) 

where: RA 
(3 -*IT 
(3 = Resis t ivi ty;  microhm-inches 

R = Resistance; microhms 
A = Cross-section area; square inches 

L = Length between contact points; inches 

An examination of the  plot ted data revealed tha t  the specimens stress 
relieved at 1025 "F exhibited a rapid decrease i n  e l e c t r i c a l  r e s i s t i v i t y  

after P hour, followed by a more gradual decrease thereaf ter .  

specimens stress relieved at 1350°F exhibited a rapid i n i t i a l  decrease 

i n  e l e c t r i c a l  r e s i s t i v i t y  a f t e r  1/2 hour, followed by an increase a f t e r  

1 hour, and a gradual decrease thereaf ter .  

omitted, the trends fn  the changes i n  res is tance were very similar t o  

those exhibited by the Type "A" and "B" specimens stress relieved i n  a 

similar manner. 1% m a y  be assumed t h a t  the  first 1/2 hour corresponds 

t o  the t i m e  required f o r  the heating and forming of the Type "A" and 

"B" specimens, and t h a t  s i m i l a r  changes occurred i n  these specimens 
during the heating and forming operations. 

The 

If the first 1/2 hour is 

The r e su l t s  obtained from the tests of these unformed specimens a re  

s i m i l a r  t o  those obtained by Wolff, Gelles, and Aronin 

of extruded commercially pure beryllium; they observed decreases i n  

e l e c t r l c d  resis tance i n  specimen8 annealed at  1UO"F and 1470°F f o r  

periods of' t i m e  up to 800 hours. 
atkrfbuted t o  the  presence of i ron  i n  so l id  solution precipi ta t ing 

as the  compound FeBe 

* 
during t e s t s  

These continued decreases were 

5' 

$5 
A. K, Wolff, S. H. Gelles and C. R. Aronin, "Impurity Effects  i n  

Come&aPpY Pure Beryl l ium,"  - The Physical Metallurgy - of Beryllium, 

I n s t i t u t e  of Metals, bndon, 1963. 
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Number 

AR-1 
AR-2 

AR-1 
AR-2 

AR-1 
AR-2 

AR-1 

AR-2 

AR-1 
AR-2 

AR-P 
AR-2 

AR- 3 
AR-Ee 

AR-3 
m-nc 

AR-3 
AR-4 

AR-3 
AR-4 

m-3 
m-4 

AR-3 
AR-4 

EI;ECTRICAL RESISTMTY - UNFORMED SPECINENS 
AnneaLing 

Temperaturc 
"F 

As Rec'd 
As Rec'd 

1025 
1025 

1025 
1025 

no25 
1025 

1025 
1025 

1025 
1025 

As Rec'd 

As RecPd * 

1350 
135s 

1350 
1350 

1350 
3-350 

1350 
1350 

1350 
3-350 

b e d i n g  
Time 
Hours 

0 
0 

112 
1/2 

1 
1 

2 
2 

4 
4 

8 
8 

0 

0 

1/2 
B/2 

P 
1 

2 
2 

4 
4 

8 
8 

Kesis t ance 
ohms (XlO-5 

10.3 
10.3 

10.2 
10.2 

9.9 
9.9 

9.6 
9.6 

9.5 
9.5 

9.3 
9.0 

9.9 
9.9 

9.4 
9.6 

10.5 

9.9 

PO. 5 
9.8 

10.3 

9.8 

8*7 
8.9 

-22- 

Resist 
aicrohm- i n  
(xl0-7) 

6.40 
6.39 

6.33 
6.32 

6.15 
6.13 

5.96 
5.95 

5.90 
5.88 

5.72 
5.56 

6.22 
6.39 

5090 
5.90 

6.02 
6.08 

6.02 
4.02 

5.91 
6.02 

4.98 
5e48 

Change 
k 

0 

0 

Avg. 0 
-1.1 
-1.1 
Avg. -1.1 
-3.9 
-4.1 
Av~. -4.0 
-6.9 
-6.9 
Avg. -6.9 
-7.8 
-8.0 
Avg. -7.9 
-io. 6 
-13.0 
Avg. -11.8 
0 
0 

Avg. 0 
-5.2 
-7.7 
Avg. -6.5 
-3.2 
-4.9 
Avg. -4.1 
-3.2 
-5.8 
Avg. -4.5 
-5.0 
-.5.8 
Avg. -5.4 
-20.0 
-14.2 
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2.3 RESULTS ANI) DISCUSSION (Cont.) 

On the basis of these resu l t s ,  it was believed that,  although some 

stress relief undoubtedly did occur during the treatment of the  

Type "A" and "B" specimens, the aging e f f ec t s  tha t  occurred simul- 

. taneously tended t o  overshadow the stress relief effects.  

The t e s t ing  of the fourth group of specimens then was i n i t i a t e d  i n  

an e f f o r t  t o  separate the  stress rel ieving e f f ec t s  from t h e  aging 

effects. 
the 30" radius curved specimens. 

Table V presents the tabulated change i n  height data f o r  

TA0I;E v 
CURVATURE CHANGES I 30" RADIUS SPECIMENS 

As received 
1025 2 

1025 4 
1350 2 

1350 4 

The results of these stress rel ieving t e s t s  indicate  that the treatments 

used did not result i n  the complete removal of the  stresses. 
cases, the changes i n  the height "h", observed after each etching 
operation, indicate  the  presence of some remaining residual  stress i n  

all of the  specimens. 

removal of d.1 res idua l  stresses could have been concluded. 

I n  all 

If no changes had occurred, the successful 

The specimen stress relieved at  lO25OF f o r  4 hours exhibited the least 
change i n  curvature. 
stress relief at  l025OF f o r  4 hours appears t o  be the better treatment. 

"his result, however, should not be generalized as each type of 

Therefore, f o r  th i s  spec i f ic  forming operation, 

-24- 
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2.3 RESULTS AND DISCUSSION (Cont. ) 

forming operation, depending upon i ts  severity,  may require a 
spec i f ic  t i m e  and temperature cycle f o r  the  relief of all residual  

s t resses .  

I n  conclusion, the  reduction of res idual  s t resses  noted during t h i s  

br ief  investigation, measured by means of the changes i n  e l ec t r i c& 

r e s i s t i v i t y  and the  changes i n  curvature, indicates  t h a t  the nominal 

thermal treatment conditions f o r  the r e l i e f  of res idual  stresses 

appear t o  be 1025°F f o r  approximately 4 hours. 
optimization of the  s t r e s s  r e l i e f  procedure f o r  general application 

would require extensive bas ic  metallurgical research and analpis 
which is not believed t o  be within the scope of t h i s  study. 

However, the 

3 

-1 ~. 
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SECTION 3.0 

COOLING RATE 

Current production forming procedures require uniform cooling of the  

e n t i r e  par t  subsequent t o  the forming operation i n  order t o  prevent t he  

formation of undesirable s t r e s s  patterns and subsequent warpage. 

effects of rapid quenching subsequent t o  hot forming at  1350"F, therefore,  
Rave received l i t t l e  attention. A l i m i t e d  exploratory investigation of 
these e f fec ts ,  and an  evaluation of the possible appl icabi l i ty  of rapid 

cooling t o  production operations, therefore, was included i n  t h i s  program. 

The 

The object 0f t h i s  phase of the program was the determination of the 

e f f ec t s  of various quenching rates on the l inear  dimensions, material 
contour (warpage), and mechanical properties; and the detection of 

any s igni f icant  trends, 

Due t o  the  preliminary nature of t h i s  study, only a l i m i t e d  investiga- 

t i on  was contemplated. Three quenching mediums were employed: 

a. Ambient air  at  75°F 
b. O i l  at 88°F 
e, ]Deep freeze at  -85°F 

Table Ktpresents  the c e r t i f i e d  chemical analyses and mechanical 

properties of the  two l o t s  of material procured f o r  t h i s  investigation 

from the  Brush Beryllium Company and The B e r y l l i u m  Corporation i n  

accordance with the  requirements of Eockheed Specification, LAC 07- 
4008. 
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CIBKCCAL ANALYSES AND MECHANICAL PROPERTIES - COOLING RATE SPECIMENS 
VENDOR DATA 

Material Identification 

Vendor Brush Beryllium Co. The Beryllium Corp. 

Lot. No. 9967 3973 
Sheet No. 447s HR 33-1 
Gage .060 .060 

Be ASBY 

Be 0 

Fe 
si 
AP 

w3 

Mn 
Ni 
CP 

c 

Chemical Analyses - $ 

980 29 
1,66 

e 138 
050 

0 095 
D 011 

.010 

0 021 

.012 

.120 

Mechanical ProDerties 

98.22 
1.91 

e 134 
.050 

.083 

(1) 
(1) 

(1) 

.027 

.lo2 

Sheet Test Ftu FtY Elong 
Psi $ in 1" - Psi - No. Direction - 

447s E 78, 300 57,400 11.5 
447s T 86,200 58,100 
HR 33-3. L 70, 600 51,200 

14.0 
8.0 

HR 33-1 T 78,400 53,000 21.0 

7 

(1) .04 maximum 
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3.2 EXPERIMENTAL PROCEDURE 

Three 5.00" x 10.00" specimens were cut, using the  abrasive wheel 

technique, from the  two l o t s  of material. Two specimens were cut 

from sheet number HR 33-1; the  t h i r d  from sheet number 447B. Each 
specimen then was permanently ident i f ied,  a 1.00 inch g r id  pat tern 

was l i g h t l y  scribed on one side,  and a .75 inch wide control t e n s i l e  

specimen was cut (abrasive wheel technique) from one end. Figure 13  
i l l u s t r a t e s  t he  three  specimens p r io r  t o  thermal treatment. 

Pr ior  t o  the  i n i t i a t i o n  of the  t e s t ing  operations, bas ic  dimensions 

were carefu l ly  determined and recorded. Linear measurements, t o  be 

used i n  the  determination of dimensional change, were made along 

the  g r id  l ines ;  a 12-inch Brown and Sharpe vernier ca l iper  was used 

t o  insure the accuracy of the  measurements. 

placed on a surface p la te  and the deviations from "flat" were measured 
a t  the  g r id  l i n e  intersect ions by means of a S t a r r e t t  D i a l  Indicator., 

The specimens then were 

The three specimens then were heated i n  an e l e c t r i c  furnace at  1350°F 

f o r  30 minutes p r io r  t o  being cooled a t  t he  three  d i f fe ren t  rates. 
The temperature was monitored and recorded w i t h  8: Brown S t r i p  Recorder. 

The first specimen, number 6-2-P3-O19 was allowed t o  cool i n  ambient 

air; the  second, number 6-2-13-02, was quenched i n  o i l  at  88°F; and 

the  th i rd ,  number 6-2-13-03, was placed i n  a Deepfreeze cabinet a t  

-85 OF. 

The basic dimensional and "flatness" measurements then were repeated, 

u t i l i z i n g  the same procedures and equipment, t o  provide comparative 

data. f o r  analysis and evaluation. Following the  completion of the  

second series of measurements, three t e n s i l e  coupons were cut  from 
each of t he  three tes t  specimens. 

Figure 21, and the  standard router  f ix ture ,  i l l u s t r a t e d  i n  Figure 14, 
The d r i l l  j i g ,  i l lus t ra ted  i n  

were used i n  d r i l l i n g  the  loading pin holes and cut t ing the  specimens 
. t o  t e n s i l e  coupon configuration. The v e r s a t i l i t y  of t h i s  IMSC-owned 

-28- 
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3.2 EXPERIMENTAL PROCEDURE (Cont. ) 

router fixture is clearly illustrated in Figure14; it may be used Go 
prepare either 1/4" x 1" or 1/2" x 2" gage section tencile specimens. 
The final preparation, prior to testing, consisted of light abrasive 
polishing followed by chemical etching. 

The tensile tests were performed on a 20,000-pound capacir;y Riehle 
Model FS-20 universal testing machine. 
someter was used to measure the strain in the specimens. 
specimens were loaded t o  failure at a strain rate of .005/inch/inch/ 
minute through Field. 
loads were used to determine the load at 0.2% offset. and at failure. 
The total elongation was determined by fitting the fractured specimens 
together and measuring the distance between the gage marks. 

A Riehle Model PN-10 exten- 
!The 

The charts of the autographically recorded 

Due to the unexpectedly low mechanical properties exhibited by the 
"mechanically routed" tensile specimens, including the "as received 
condition'' control specimens, three additional tensile specimens were 
cut from each of the three "cooling rate" test plates, using the 
abrasive wheel technique, and were finish machined using the ED4 

(Electrical Discharge Machining) process. 
in Section k,2, and the equipment and typical specimens are illustrated 
in Figure 21. 
manner and with the same equipment as the first set. 

This procedure is described 

This second set of specimens was tested in the same 

3.3  BESULTS AND DISCUSSION 

3.3. L Dimensional Changes 

"3 .... 

3 ...e 

3 .... 

1 

Table V I 1  presents the tabulated dimensional change data for the 
ambient air-cooled, the oil-quenched, and the deepfreeze-chilled 
"cooling rate" specimens, respectively. 
the post thermal treatment dimensions, and the net changes are 
included. Due to the removal of the tensile control specimens 
from the end of each of the cooling rate specimens, only the 
width dimensidns could be compared. 

The original dimensions, 
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3.3.1 Dimensional Changes (Cont. ) 

The evaluation of the tabulated data indicated that, although 
slight dimensional changes did occur, the average changes of 
approximately .01-.02$ were too small to be considered signi- 
f icant, 

In conclusion, even though the measurements are subject to the 
normal interpretive error (visual acuity of the personnel 
making the measurements), the dimensional changes due to rapid 
cooling are considered to be negligible for all except very 
large o r  extremely precise partd.and, therefore, normally may 
be ignored. 

3.3.2 Contour Changes (Warpage) 

In order to permit ready comparison of the data and to simplify 
the evaluation of the effects of rapid cooling on the "flatness" 
of the specimens, each set of data was plotted onan individual 
*'contour mapps to pictorially present the "as received" and the 
"quenched" conditions of the specimens. Figures 15  through 20 

present these graphic illustrations. 

Visual examination and comparison of the two illustrations of 
each specimen very clearly show the effect of the various quenching 
mediums on the original contour of the sheet material. The least 
waviness or warpage occurred in the air-cooled specimen; in fact, 
the "flatness" actually was improved; the most severe warpage 
occurred in the oil-quenched specimen., Figures 15 and 16 clearly, 
show the improvement in the contour of the air-cooled sheet. The 
deleterious effect of the rapid oil-quench is illustrated in 
Figures 17 and 18, and the more moderate effect of the deepfreeze- 
chilling is shown in Figures 19 and 20, 
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3.3.2 Contour Changes (Warpage) (Cont. ) 

It is believed the moderate warpage t h a t  occurred i n  the  

deepfreeze-chilled specimen w a s  'due t o  the  more gradual 

rate of heat l o s s  from the material compared with the  rapid 
l o s s  t h a t  occurred during the o i l  quench. 

I n  conclusion, the r e su l t s  of t h i s  evaluation not only 
indicated the unacceptabili ty of rapid quenching as a 
production process, but  a lso ve r i f i ed  the va l id i ty  of the  

current ly  accepted production procedure of slow uniform I 

cooling subsequent t o  hot forming operations. 

3.3.3 Mechanical Property Changes 

Table '%CII presents the tabulated mechanical property change 

data f o r  the ambient air-cooled, the  oil-quenched, and the 

deepfreeze-chilled "cooling rate" specimens. The r e su l t s  of 

the  i n i t i a l  tests of the "mechanically routed" specimens, 

including the "control specimens," were not only lower than 

anticipated,  but included moderate 

C r i t i c a l  examination of the specimens with the  a id  of a 50X 

microscope revealed extensive "grooving" of the edges and severe 

p i t t i ng  of the surfaces of the test sections, 

properties a t ta ined during the  i n i t i a l  t ens i l e  tests, therefore, 

were believed due t o  the combination of these surface conditions 

and the  possible presence of s l i g h t  surface twinning which had 

not been completely removed during the etching operation. 

data scat ter"  as well. 

The low mechanical 

The consis tent ly  higher r e su l t s  exhibited by the ''EM" specimens 
appear t o  substant ia te  t h i s  belief. Not only were the results 
subs tan t ia l ly  higher i n  all cases, but the  data were more con- 
s ie ten t ,  with l i t t l e  "data scatter." I n  addition, the t ens i l e  

properties of the  ambient air-cooled specimens approached those 
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3.3 .3  Mechanical Property Changes (Cont. ) 

quoted i n  the vendor cer t i f ica t ions .  

of these specimens with the a id  of the same 50X microscope 

revealed the unif!ormly superior condition of the  surface of 
the  test sections. 

I n  addition, examination 

The evaluation of the tabulated data indicated t h a t  rapid 

rates of cooling do adversely a f f ec t  the  mechanical properties 

of beryllium and tha t  careful ly  controlled uniform slow 

cooling is  required if deleterious e f f ec t s  are t o  be avoided. 

No investigation was made of the possible e f f ec t  of cooling 

rate on the bend d u c t i l i t y  of the material. It is  believed 

reasonable t o  assume t h a t  some e f f ec t  would occuro 

the  extensive metallographic analyses required for the  ve r i f i -  

cation of t h i s  assumption a re  not considered t o  be within the 

scope of t h i s  program. 

However, 
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ANNEALING . 

At this time, annealing, per se, is not an accepted beryUium manufacturing 
fabrication operation. However, the effect of prolonged exposure at eleva- 
ted temperatures on the basic mechanical properties of beryllium sheet 
material may be cause for concern when extensive hot-forming operations are 
contemplated. 
of 140O0F will result in the lowering of the mechanical properties of the 
material as the result of recrystallization and grain growth. 
lurgical change has been the subject of several studies and will not be 
repeated here. 

. 

It is known that prolonged exposure to temperatures in excess 

This metal- 

4.1 INTRODUCTION 

The object of this phase of the program was the correlation of 
prolonged elevated temperature exposure with respect t o  the mechanical 
properties of beryllium sheet material. 
material at 1350°F, the ,nominal forming temperature, and at l150°F 
for periods of time up to 250 hours were investigated. 

The effects of annealing the 

Table IX presents the certified chemical analyses and mechanical 
properties of the two l o t s  of material procured for this investigation 
from the Brush Beryllium Company and The Beryllium Corporation in 
accordance with the requirements of Lockheed Specification LAC 07-4008. 

b.2 EXPERIMENTAL PROCEDURF: 

The test specimens were cut from the sheet material in the longitudinal 
direction, as determined from the dimensions of the original sheet, i.e., 
the 4.0-inch dimension of the specimens was parallel to the long side 

, 

of the parent sheet. 
using the abrasive wheel technique, and the loading pin holes were 
precision drilled in the ends. These holes were used to index the 

The .750" x 4.00" specimens were cut to size, 
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TABU I X  
CHEMfCAL ANALYSES AND MECHANICAL PmPEIMIIES - ANYEALING SPECIMENS 

VENDOR DATA 

Vendor 

Lot. No. 

Sheet No. 
Gage 

Be Assay 

Be 0 

Fe 

S i  

A1 

M g  
Mn 
Ni 
C r  
C 

Material Ident i f ica t ion  

Brush Beryllium Co. The Beryllium Crop. 

1942 397D 
5 40A m 31-2 
.060 .060 

Chemical Analyses - $ 

98.50 
1.81 

e 130 
.Ob0 

0 090 

0 010 

. 010 

.020 

.010 

.010 

Mechanical ProDerties 

Sheet T e s t  Ftu FtY 
P s i  - P s i  - No. Direction - 

540A L 83,000 56,700 
540A T 84,700 59,800 
HR 31-2 L 70,600 51,200 
m 31-2 T 78,400 53,000 

Elong . 
9$ i n  1” 

9.8 

8.0 
21.0 

12.3 

(1) .04 m a x i m u m  
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4.2 EXPERIMENTAL PROCEDURE (Cont. ) 

blank specimens during the EDM (Elec t r ica l  Discharge Machining) 
f in i sh  machining of the  .25O" x 1.000" gage sections. 

i l l u s t r a t e s  the  d r i l l  j ig ,  the  electrode forming too l  with electrodes, 

and the  electrode holder with several  completed tensile specimens. 

Figure 21 

Each edge was cut independently i n  two stages; i.e., it was cut half 

way through the sheet from each side.  

procedure not only resulted i n  reduced electrode wear but, more 

importantly, i n  m i n i m  taper  of t he  edges of the  gage sections. 

The use of t h i s  two-stage 

The EDM method +?as selected i n  preference t o  the  conventional precision 

machining method f o r  two reasons: 

a. Economy -- t h i s  method is less cost ly  than precision machining 

methods, and l e s s  susceptible t o  spal l ing and surface microcracks. 

b. In t eg r i ty  -- due t o  the narrow (.250") gage width, the s i d e  

pressure of a conventional routing t o o l  must be maintained a t  

the minimum leve l  t o  avoid possible f rac ture  of t he  specimen; 

there  i s  no s ide pressure during the EDM process and, therefore, 

no possible compromise of the in t eg r i ty  of the gage section. 

previous investigation of the EDM process indicated tha t  the  very 

shallow separation, of approximately ,0001" , along the basal plane 

was readi ly  removed by subsequent chemical etching. 

A 

The Ell4 method was slow, and a s l igh t  mismatch, o r  
the  intersect ion of the  two cuts. 

gage width, required f o r  subsequent calculations of t ens i l e  strength, 

therefore, were somewhat d i f f i c u l t  t o  obtain,, 

occurred at 

Accurate measurements of the specimen 

I , 

i 

'1 -46- 
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4.2 EXPERIMENTAL PROCEIXTRE (Cont,) 

The specimens then were annealed in laboratory ty-pe furnaces at l150°F 
and 1350°F for periods of 2, 4, 8, 16, 50, 100 and 250 hours, and 112, 
1, 2, 8, 16, 50, 100, and 250 hours, respectively. 
were annealed at each temperature and time increment, followed by 
light etching to remove the surface oxide film. 
etching did not completely remove the heavy oxide film as very small 
elongations and inconsistent results were obtained during the initial 
tensile tests. 
with 240 grit paper and re-etched; approximately .002" of material 
was removed from each surface to insure the removal of the oxide film 
and surface imperfections. 

Three specimens 

Apparently the initial 

The balance of the specimens then were hand-polished 

All of the tensile tests were performed at room temperature on a 
20,000-pound capacity Wiedemann-Baldwin universal testing machine. 
A Model T-2M Baldwin Microformer non-averaging snap extensometer 
(1-inch gage length) was used to measure the strain in the specimens; 
the strain rate, of approximately .005 inch/inch/minute, was controlled 
by a Baldwin Strain Pacer. 
loads were used to determine the load at 0.2% offset and at failure. 
The total elongation was determined by fitting the fractured specimens 
together and measuring the distance between the gage marks. 

The charts of the autographically recorded 

4.3 RESUETS AND DISCUSSION 

TablesX and XI present the tabulated tensile test data; Figures 
22 and23 present the plotted results. All of the data for each 
temperature, at each increment of time, were plotted individually 
and average curves were drawn to indicate the general trends. 
logarithmic scale was used for the "Time" abscissa to provide a 
convenient means for including all of the data. 

A 

--I 
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Time 
Hours 
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(Control) 

2 

4 

a 

16 

50 

100 

250 
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TABLE X 
PROLONGED ANNEALING AT 1150'F 

Tensile S t  
U l t i m a t e  

73.7 
77.4 

85.1 

83.7 

75.8 

74.1 

76.0 
87.6 
81.5 

85.9 
85.6 

85.7 
82.2 

79.6 
85.9 
85.0 

83. a 

72.4 

74.9 

71.0 

85.4 

73.3 

Lgth - K S I  
Yield 

-49- 

53.8 
57.9 

580 3 

578 €3 

54.1 

52,2 

53.1 
53.5 

54.0 
60.3 
60.6 

60.1 
60.1 

60.8 
61.1 
53.7 

60.5 
61.1 
60.9 

59.5 
5% 7 
60.2 

_ _  - 

Elongation 
$ i n  1 inch 

10.0 

5.4 

21.0 

9.0 
22.0 

13.0 
13.0 
10.0 

15.0 
20.8 

7.0 

19.0 
16.8 

8.0 
6.0 

6.0 
15.3 
13.0 

15.0 

12.0 

4.0 

14.3 

- ----- 



Time 
Hours 

1/2 

1 

2 

8 

16 

50 

100 

250 

-- 

TABLE X I  

PROLONGED ANNEALING AT 1350°F 

Tensile Strr 
U l t i m a t e  

73.4 
74.4 
74.1 

88.1 
74.4 
79.8 

79.9 
81.7 
73.4 

72.8 
69.4 
73.9 

84. g 
84.3 

56.6 
69.2 
71.6 

86.8 

71.0 
73.1 
73.5 

69.7 
74.8 
72.2 

5th - KSI 
Yield 

51.4 
51.2 

50.8 

60.1 
52.6 
60.7 

59.1 
59.9 
51.5 

49.2 
50.6 
49*9 

57.9 
56.9 
58.2 

45.0 
45.2 
46.4 

48.0 
48.5 

48. g 
49.7 
48.5 

48.6 

Elongat ion 
$ i n  1 inch 

9.5 
15.0 
15.0 

23.0 

6.2 

6.2 

12.5 

7.0 
12.2 

12.9 
7.0 

13.0 

14.0 
16.7 
20.0 

3.0 
9.5 

12.7 

11.7 
15.0 
16,0 

Be5 
20.0 

12.7 
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4.3 FiEX3ULTS AND DISCUSSION (Cont. ) 

Figures 22 and 23 i l lust rate  the  e f f ec t s  of long-time annealing at 
temperatures of 1150°F and 1350"F, respectively. 

able  data s c a t t e r  may be noted, s l igh t ,  but  def in i te ,  trends are 
discernible i n  the yield and ultimate tensile strengths and i n  the 
elongation. 

Although consider- 

With the  exception of the rrdrop" a t  4 hours, the y ie ld  and ultimate 
strengths of the specimens annealed a t  1150°F increased s l i g h t l y  
with time; reaching the  maximum values a f t e r  approximately 100 

hours, and then gradually decreasing t o  a l e v e l  still  above the  
i n i t i a l  "as received" levels.  The maximum elongation was at ta ined 

after approximately PO hours; the  "drop" at  4 hours also occurred i n  
the  elongation as w e l l  as i n  the strength levels.  

at the 1150°F temperature, the material properties appear t o  be 

approaching the or ig ina l  values. 

Figure 22. 

is not considered t o  be c r i t i c a l  as the material  properties are s t i l l  

i n  the "as received" range. The research investigation required fo r  

the  resolution of t h i s  in te res t ing  phenomenon is  not considered t o  

be within the scope of t h i s  program. 

After 250 hours 

These trends a re  i l l u s t r a t e d  i n  

The "4-hour drop," believed due t o  a metallurgical change, 

As i l lust rated i n  Figure ~3~ the material  properties of the specimens 
annealed a t  1350°F displayed somewhat d i f fe ren t  trends. The y ie ld  

and ultimate t ens i l e  strengths decreased slowly and s teadi ly  after 

an i n i t i a l  peak at  approximately 2 hours; the elongation apparently 

increased t o  an i n i t i a l  peak at approximately 16 hours, followed by 

a s igni f icant  decrease at 50 hours and then a secondary increase. 

s t rength leve ls  a lso reached peaks at  approximately 16 hours; however 

the  general trend, as s t a t ed  ea r l i e r ,  was def in i te ly  downward with 

t i m e ;  the  strengths after 250 hours were less than "as received" 

although the elongation was s l i g h t l y  higher, 

minima displayed by t h i s  data  are believed due t o  metallurgical 

The 

The several  m a x i m a  and 

changes; the research 

in te res t ing  phenomena 

e f f o r t  required f o r  the resolution of these 

is  not within the scope of t h i s  program. 
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4.3 RESULTS AND DISCUSSION (Cont. ) 

The wide scatter i n  the  data, a t  each increment of t i m e ,  i s  believed 

t o  be due e i t h e r  t o  the  s l i g h t l y  "stepped" edge condition previously 

discussed, o r  t o  the  presence of surface micro-cracks t h a t  were not 

completely removed during the  f i n a l  etching operation. 

I n  conclusion, the  r e s u l t s  of t h i s  phase of the program indica te  

t h a t  exposure t o  normal elevated temperatures f o r  reasonable periods 

of t i m e ;  e.g., t he  conditions t o  which the material  is  subjected 
during normal forming operations, r e su l t s  i n  negligible deleterious 

effects on the properties of the material, and t h a t  exposures as long 

as 250 hours a t  these temperatures do not r e su l t  i n  serious degrada- 

t i on  of the  material  properties. However, thermal treatment, o r  

annealing, a t  l150°F f o r  approximately 8 hours results i n  more con- 

s i s t e n t  and predictable e f f ec t s  on the material  than a similar 
treatment a t  1350'F. Annealing, per se, does not appear t o  be a 

required production process. 
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SECTION 5.0 
SUMMARY 

The r e s u l t s  of t h i s  invest igat ion c l ea r ly  indicate  the  extreme importance 

of the proper preparation of beryllium t e n s i l e  specimens. 

minor imperfections is par t icu lar ly  acute on t h e  smaller gage select ions,  

due t o  the  very s m a l l  cross-sectional area of t he  test section. 

The effect of 

The r e s u l t s  of these brief investigations indicate  the  following 
concPusfons : 

F 

T"c h' 1 

rc I 

1, 

2. 

3. 

4. 

5.  

6. 

The r e l a t ive  thermal coeff ic ients  of expansion of beryllium 

and of stress relief holding f ix tu re s  must be given careful  

consideration during the design phase of the  tools.  

A more ef fec t ive  thermal treatment f o r  the  relief of res idual  

stresses appears t o  be lO25'F f o r  approximately 4 hours 
ra ther  than the  commonly accepted short  treatment conditions 

of 1350'F f o r  approximately 20-30 minutes. 

Except f o r  very large o r  extremely precise parts,  the  dimen- 

s iona l  changes due t o  rapid cooling are negligible. 

Rapid cooling has a deleterious effect on both the contour 

and the  mechanical properties of beryllium sheet material, 

Rapid cooling, o r  quenching, i s  not an acceptable beryllium 

production process. 

The v a l i d i t y  of the  current ly  accepted production procedure 

of slow uniform cooling subsequent t o  hot forming operations 

has been ver i f ied.  This procedure results I n  minimum warpage 

and minimum deleterious e f f ec t s  on the mechanical propert ies  

of beryllium. 
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SECTION 5.0 (Cont.) 

7. The exposure of beryllium t o  normal, elevated temperatures f o r  a 

reasonable period of' t i m e  results i n  negl igible  deleterious 

e f fec ts  on the  properties of the material. 

80 Thermal treatment, o r  annealing, at 1150 '~  f o r  approximately 

8 hours appears t o  result i n  more consistent and predictable 

e f f ec t s  than similar treatment a t  1350'F. 

9. Annealing, per se, does not appear t o  be a required production 

process. 
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